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Considerable  information  has  been  obtained  v.ith  this  method 
of  cooling  in  a  172/700  e-n  :ino  on  the  .'nam'd. so  distribution  of  tempera¬ 
ture  in  the  turoine  blades.  Previous  reports  have  recorded  i’-o 
changes  in  temperature  :.t  nominal  50, chord  at  several  rxdial 
stations. 

In  order  to  investigate  further  ^he  temperature  distribution, 
noth  3oanv.ioe  and  chordv.i3e,  a  series  of  tests  vos  made  using  "indicator" 
blades  of  Silver  Steel  in  the  hardened  condition.  By  running  the 
blades  in  the  engine  they  were  tempered  according  to  local  temperature 
conditions  and  henoe  b.,  using  the  hardr.oso/tempernture  relationship  of 
the  material  the  temperature  distribution  over  the  \.hole  of  the  blade 
surface  was  determined.  Engine  3peed  '..’.as  limited  to  15,000  r.p.m. 
from  stress  considerations. 

The  tests  have  si. own  that  *..ith  a  flo-./  of  water,  uffioiont  to 
reouce  the  leading  edge  temperature  by  500°C,  the  trailing  edge  is  at 
temperature  ap.rcni,.-  •:  ly  100°d  higher. 

By  ouitable  disposition  of  the  water  jets  it  should  be  possible 

to  achieve  uniform  cooling, if  required,  along  the  1-r.rth  of  the  blado 
within  100^0, 

Under  normal  running  conditions  at  15,000  r.p.m.  without  cooling 
the  variation  across  the  chord  is  loss  than  60°C. 
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ncludo  the  series  of  tests  on  the  >.2/700  online  uoinr,  bireot 
f-r  turbine  blade  coaling,  a  complete  blade  surface  temperature 
was  required.  Throe  alternative  methods  presented  themselves 
g  this  information:  - 

The  extensive  use  of  thermocouples  'end  slip  rings 
Tho  use  of  thermo-sensitive  indicator  points 
The  use  af  thermo -indicator  materials 


There  are  objections  to  '-.11  rethoda  cad  finally  (c)  above  was 
chosen  for  the  following  raisons.  The  use  of  thermocouples  would  entail 
far  :..ore  tappings  than  could  be  at  amount  used  with  existing  slip  ring 
eicu-ups,  If  thermo  -sensitive  _  aints  v.ei'c  used  then  a  pointed  pilot  rake 
complete  with  a.-propriato  thermocouples  would  have  to  be  fitted,  oof ore  and 
■after  the  turbine,  to  correlate  colour/teir.  erature  changes,  and  in  addition, 
the  inclusion  of  water  in  the  gas  stream  was  on  unknown  factor  in  relation 
to  the  sensitivity  of  the  p-dnts,  also  it  wc.3  believed  that  the  water 
would  tend  to  remove  some  of  the  paint,  Thi3  left  thermo-indicator  mater¬ 
ials  as  a  possioility.  In  this  connection  some  experience  had  boon  gained, 
using  Treble  Super  Monarch,  Duroheta  and  Silver  Steel  in  pellet  form  for 
different  temperature  ranges,  rad  obtaining  the  temperature  from  their 
respective  hardnaas/tempefature  relationships.  To  obtain  the  maximum 
information,  it  was  intended  to  use  blades  made  of  each  of  these  materials, 
as  between  them  pr.-iotically  the  whole  range  from  200 M  to  750 °0  could  bo 
covered.  On  rig  testing,  however,  it  was  found  that  dilver  Steel  was 
the  only  i.atari-1  suitable  from  strength  considerations.  The  Treble 
Super  Monarch  wad  Duraheto  worn  inc.ap-.blc  of  beir.g  run  under  centrifugal 
loads  corresponding  to  their  appropriate  hardness/temperature  ranges. 
dilv..r  Steel  was  also  subject  to  limitations  as  the  following  table  wfl 
indicate. 


Temper' turo  °C 

Stress  Tons/s'-j.in. 

Elongation 

45-0 

1*.5 

1;..  after  2p  hrs. 

450 

15.0 

l;i  after  It  hrs. 

450 

6.0 

1>„  -d’ter  4.6  hra. 

500 

1H.5 

16.26^  after  10  hrs 

The  composition  of 

the  oilver  btoel  used  i 

.vas  as  follows:  - 

Oarbon 

,95  to  1,05 

Sulphur 

.025 

Silicon 

.05  (Max) 

hickel 

.15 

Ihrordum 

..  .10 

...angauese 

x  .15  to  .25 

Phosphor 

.020 

-  L  - 
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centrifugal  stress  in  tn«  M2/700  turbine  blade  in  12.3  i.'ns/sq.in, 
at  16,750  r.p.m.  at  binds  t-.i^er.nturo,  ir.  tho  high  a  tin;  3  3  region,  of 
780  °C.  '.'hi3  mm- ant  what  the  blades  could  no-;  bo  run  at  full  speed  except 
pos.ibly  under  ; viximum  cooling  conditions.  The  tests  v.re  therefore  done 
•it  conditions  giving  $.1  Ton3/sq,in,  ;na  600°G,  corresponding  to  a  3pcod 
of  1 5,010  r.p.rr.,  at  500°C  jet  pipe  temperature.  It  was  anticipated  that 
a  no-water  condition  oould  bo  obtained  at  this  .-.peed  au  a  basis  t\ r  com¬ 
parison. 


2,0  Method 


Tho  blades  were  made  by  standard  procedure  from  2x1  in,  -Silver 
Steel  b,x  ( all  pieces  for  mnehinina  being  obtained  from  the  same  f.raing) 
and  machined  from  the  solid,  the  mat  ,-ri-J.  being  worked  in  the  soft  c-.u- 
dition  to  final  dimensions.  The  blade 3  were  hardened  in  their  finished 
p-'linhcd  state  by  water  quenching  from  760 ®C  followed  by  a  low  tempora- 
turo  temper  of  175°G  for  15  minutes  in  an  er.de  ..vour  te  eliminate  cracking. 
This  unfortunately  was  nr*  completely  successful  •  nd  a  wastage  s  ;e 
10/j  wat.  incurred  due  to  rf  .oo  cracks,  mostly  in  the  himh  stress  region, 
owing  te  tha  sharp  civ-nres  in  section.  Oil  qu. aching  a  .s  ■.iso  tries  but 
resulted  in  the  blades  not  a  .vim*  the  required  hardness.  Twelve  blades 
were  finally  .-jocept-j  fur  te  ti.;<*  •  .ud  a  calibration  of  temperature  versus 
hardneto  was  obtained  from  the  remaining  unserviceable  blades,  Sr..w 
varia.ti.-n  of  the  hardness  r ./dint's  wag  anticipated  on  account  of  the  non- 
uniformity  of  tho  blade  section.  Under  the  conditions  of  tent  i.e,  50 
minutes  at  a  steady  temperature,  .It  was  found  th-t  the  iv.-rdness  re- ding 
ne  x  th.  thick  root  was  about  20  points  V.P.II,  higher  (about  12°C  lower) 
than  that  ne  r  the  tip  for  tho  lower  temperature  range.  At  the  hi., .her 
temperatures  the  discrepancy  ‘..as  loss. 

The  blades  ’..ere  finrily  bond  polished  nd  hardness  checked  ready 
for  running.  One  blade  was  unted  ir.  the  turbine  else  for  each  t-.st,  but 
bef or-;  installation  tlm  tip  was  ground  down  (with  -ample  coolant)  to  allow 
for  •wr/  elongation  which  miiht  occur,  :.ul  tests  were  done  with  varying 
vm tor  flows  from  a  .axinurn  ,>f  7? 7  lb/hr,  .at  an  engine  s,.ecd  of  * 3,01t0 
r.p.m,  ••.nd  500°C  Jet  pipe  t.nper-ture.  In  this  way,  by  starting  at  the 
high  'water  flow  enu  >f  the  range  .a  check  ,>n  th.  growth  of  the  blade 
could  be  made  and,  as  tha  quantity  of  v.  ter  was  reduced,  the  tip  could 
bo  round  accordingly.  The  .  1.. .1.  ,1..nj  tion  w.  e  n.  t  m.auurcd,  as  is 
usual  practice,  over  two  datum  centre  p.  into  o'.dng  to  the  risks  of  f'dluro 
due  to  oracles  extending  from,  the  indent'  tiers,  consequently  measurements 
wero  made  "overall"  (dinmnaion  "I."  fig,  I)  and  the  elongation  is  referred 
to  on  this  length  throughout.  The  curves  given  in  fir. 8  do  not  therefore 
represent  true  strain.  Ten  tests  v/ero  ...ado  .at  15,01(0  r.p.m,  ••nd  500 °C 
jet  pipe  temperature  .and  two  ut  Ik, OCX)  r.p.m,  nd  .6.80 °C  jet  pipe  tempera¬ 
ture,  the  latter  to  chcok  on  change  in  t-mperat arc  profile. 


2 neb  test  consisted  of  a  run  of  30  minutes  ?rom  the  on-spe.A 
conditions.  The  61  .ujs  v...re  iven  the  equivalent  a  .-n  -.ir  quonsh  ...' 
shut  •'  *.r.  as  water  (-..hen  used)  'nd  engine  Were  hun  down  siiailtaiie eU.’!l/» 
tho  latter  >n  the  H,P,  cock, 


The  moan  c  silusti.-n  outlet  temperature  calculated  from  jet  i  -■ 
and  turl3.no  tc;.k  .*ratux*e  Ir.p  .  . .....  t a ee. .  1  .r  . ,1*,!.,  *«.'m  e . , 


The  water 


(Ref, 


injection  syster. 

-om  *ol  le+.-.p 


:  4.;as  similar  t-i  that  u 
fed  to  tho  inner  a  rids 


sad  in  previous 
of  four  equally 
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spaced  n.ssle  guide  vaa»a  and  ejected  from  three  small  tacos  in  tho  trail¬ 
ing  edges  ,f  each. 

After  —ach  run  the  blade  was  removed  from  tho  engine  and  ajsoiin  hand 
polished  and  marked  off  by  moons  of  a  special  jig  and  template,  .03  indion- 
tod  in  Pig,  1  ready  for  hardness  checking,  Tho  blade  was  then  mounted  in 
a  jig  for  thi3  operation  and  hardness  readings  token,  using  a  Vickers 
Pyramid  machine,  with  a  30  kilogramme  load,  an  each  surfaoe  of  tho.  blade. 

In  Pig,  1  it  may  be  noticed  that  tho  apanvise  stations  on  the  con- 
oave  side  of  the  birds  are  offset  to  those  of  the  convex  side.  This  was 
done  so  that  VJ?,N,  readings  made  at  the  thinner  section  -f  the  blade 
(leading  and  trailing  edges  and  tip)  would  not  be-  affected  due  to  thin¬ 
ness  of  section  or  proximity  of  indentations  on  the  rovers 0  side  (oontro 
of  impressions  to  bo  >  2 i  times  the ^diagonal  from  any  edge,  and  thickness 
under  test  should  bo  >  times  diagonal  of  impression), 

3.C  Discussion  *-  - 

It  will  be  appreciated  from  the  number  of  V,i readings  required: 
in  Pi;;.1  that  a  consider. able  mass  of  figures  coull  be  presented.  To  keep 
this  n.te  within  a  reasonable  sisc  only  the  plottings  of  five  <>f  the 
blades  i*ur.  ?.t  1 5 ,0ib0  r,p,m,  -.re  presented,  Th-.  other  blades  fell  into 
the  general  pattern  and  the  two  blades  run  at  the  lower  speed  had  corres¬ 
pondingly  reduced  temperature  profiles, 

figures  2  to  (  show  the  temperature  ,-rofile..  and  water  flown,. 

This  rcthod  of  presentation  has  been  chosoa  so  that  n  .'V.roll  picture  of 
tho  birds  temperature  distribution  try  be  easily  seen,  Tho  ...ensuring 
stations  are  shovm  equally  spaced  for  clarity,  the  actual  locations  being 
indicated  as  porcuntr.-es  of  chord  and  height.  The  temperature  at  any 
point  is  plotted  vertically  to  the  scale  of  1  inch  =  100°C,  The  chord 
line  and  blade  height  (Pig, 2)  representing  a  datum  of  TOo'-G  :n  each 
figure.  Thus  ’ll  vertical  ordinates  are  measured  v  .lues  abivo  20C°C. 

In  the  unoouled  condition  (r'i(  ,2)  it  lay  be  seen  that  there  is  very 
little  temperature  radient  -across  the  chord  at  nsy  hla,e  height  except 
near  the  tip  wh-  trailing  edge  i3  at  a  higher  temperature  by  approx- 

ir.atoly  p5°c  (le  X  ••  ,d;‘e  .*J.2h-0C ,  trailin'  ed;o  U*°C)  or.  the  concave  side 
end  2S°C  (leading  care  Wb°C,  trailing  edre  A 72°0)  on  the  convex  3ido, 

This  i3  in  general  .orreoment  with  Ref  ,3  a -.though  R.P.h,  end  temperature 

conditions  .are  higher  than  th  >oe  presente.,  ir.  this  note  ( 1 6 . 750 

and  650cC  Jot  Pipe  Temperature)  nd  results  •  v-  r.-“  directly  comparable. 

Pig, 3  shows  the  effects  of  passing  206  .lb/‘:r,  .f  water  ar.d  the 
large  drop  in  temperature  (208°C)  near  th-  root  lu-jdir.g  ed  'o  on  the  con¬ 
vex  side  is  apparent.  This  temperature  drop  is  not  so  noticeable  on  tho 
concave  face,  but  it  should  bo  borne  in  iw.nd  that  the  avati-.ns  -ore 
differently  located  on  the  two  sides. 

The  remaining,  curves  show  the  g-rf.  ,r  ..x.t..r.:don  f  tV  .  cooled 
're a  of  the  blade  with  increased  cool  nt  flow.,  bun  it  v.wulv.  appear  that 
little  cooling  is  being  contributed  by  the  outer  disohor  a  tubes  (i.o, 
near  tip).  This  is  attributed  to  the  pressure  gradient  acre js  the 
turbine  .annul u 3  and  to  the  resistance  to  flow  of  the  feed  -...'.ter,  Thi3 
effect  is  especially  *i/tic--.l>le  .at  the  lower  watei  pressures. 
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in  '.11  cases  the  e'onvex  cide3  of  the  blades  r»-  code.  .:.  -a  greater 
-nt  than  ch-  concave,  On  '.''.'2.  10  iry  bo  seen  typical  water  .  arks  on  a 
liver  Oteol  lir-.do  which  has  run  r.t  a  wc. tor  flow  of  135  lb/hr,  'x’hia  water 
:  .tternation  _n  the  convex  aide  is  typical  of  all  water  flows  and  indicates 
the  contrifupinr  of  the  water  dong  the  blade  from  the  root,  'from  the 
i.-'-rks  on  this  illustration  it  would  bo  expected  that  towards  the  tip  there 
would  be  a  co-leu  region  up  the  blade  extending  from  the  root  leading  edge 
towards  the  tip  centre  chord,  This  is  confirmed  by  the  temperature  pro¬ 
files  .f  the  convex  side  of  the  blades  at  the  hi  .-her  flow  rates.  Fig, 6  ia 
■oi  example  of  this  and  shows  the  drop  in  temperature  towards  3 Or-'  chord 
nearer  the  tip, 

-  se- 

fig, 7  shows  the  temperature  of  the  convex  and  concave  sides  of  the 
blade  at  50/-  chord  taken  from  the  respective  curves  in  Fig,  2  to  6  and 
shows  more  clearly  the  temperature  difference  through  the  blade  section  at 
any  blade  height,  ~ 

As  already  noted,  before  running  the  blaue  tips  './ore  ground  down  to 
-allow  for  possible  growth  and  Fig«10  shows,  approximately  full  size,  the 
difference  between  a  blade  before  and  .after  runnin--,  Tliis  particular  blade 
lv.d  bean  run  for  30  minutes  at  15,OW)  r.p.m,  with  a  water  fio-..  of  185  lb/hr, 
and  sh-ws  the  "necking1  which  >ocurrcu  mad  the  resultroit  eLo:i  nation,  A 
plot  of  this  -longation  with  vary  in'-  v'ter  flow  for  all  b.l;dvs  used  in  the 
test  Series  is  "hoi/n  at  fjr.u,  Th-  elen-'ation  of  the  blades  probably 
results  in  0  .0  initial  v;>rk  a  .r»e-nin-.  but  this  i..  r  lieved,  to  some  degree, 
lue  to  t.io  operating  temperature,  This  effect  will  bo  investigated  in  the 
near  .  uture. 

The  ext-nt  to  which  the  teu-.or  .tur.  distribution  i.->  influenced  by 
the  thermal  conductivity  of  the  motd  has  not  been  determined.  It  is  not 
considered  however  that  the  difference  in  this  property  as  between  Silver 
Stool  .and  a  typical  blade  metrl  such  as  Nimsnio  80  v.wuld  uateri-lly  affect 
the  results, 

A,0  Conclusions 

It  is  shown  that  the  ..vorall  temperature  ef  the  turbine  blades  may 
be  considerably  reduced  by  the  direct  water  spray  method  of  turbine  blade 
0  olin  Owirw  to  the  nature  the  e  -elinr  some  considerable  t- .mperaturo 
t anient  try  b_  expected  across  the  chord  and  ;lon.:;  the  span  at  the  lower 
Water  flows,  Towards  the  higher  flow  ranges  this  effect  is  less  1, marked 
and  coolin'  becomes  more  <;Von, 


The  tests  have  .also  shown  that  with  a  flow  of  water,  sufficient  to 
reduce  the  loading  edge  temperature  uy  500 c J ,  the  trailing  care  is  at  a 
temperature  approximately  100°0  higher. 


3y  suitable  disposition  of  the  water  jets  it  should  be  possible  to 
achieve  uniform  cooling  dong,  the  length  of  the  blr.de  within  100°C  or  to 
vary  the  degree  of  cooling,  if  required,  subject  to  this  limitation. 

Under  r.ormd  running  conditions  .at  15,010  r.p.m,  without  cooling 
■..ater,  the  variation  across  the  chord  is  less  than  60°C, 

The  tests  have  also  shewn  that  0.  substandard  :.;aterid  such  as 
oilVer  Gteel  is  capable  if  being  used  in  a  turbine  .-r  short  .  .siods  if 
..10  iuate  ly  c  s  sled . 
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